Fatty acid oxidation and its hormonal modulation were investigated in cultured rat calvaria and in cultivated cell populations. The latter were obtained from calvaria of newborn rats by sequential timedependent digestion with collagenase, yielding eight cell populations: the early ones containing mainly fibroblasts, the middle ones being osteoblast-like, and late ones osteoblast-osteocyte-like. In calvaria, fatty acid oxidation was increased by adding 0.1 mm-and 1.0 mM-palmitate to the medium, containing 10 % (v/v) fetal-calf serum. No effect was found after parathyrin addition in vitro or when injected in vivo. All cell populations obtained by sequential digestion were found to oxidize palmitate, whereby the osteoblast-like cells showed a lower oxidation rate than the other populations. Both parathyrin and calcitonin had no effect on fatty acid oxidation. 1,25-Dihydroxycholecalciferol at 1-100 nm and 24,25-dihydroxycholecalciferol at 100 nm increased oxidation primarily in the population enriched with osteoblast-like cells. Insulin at 1.6 /SM diminished it in the cell populations enriched with osteoblast-like cells and in the late bone-cell fraction. However, glucagon had no effect. The energy provided by fatty acid oxidation in this system is approx. 40-80 % of glucose metabolism, suggesting that this event may be of importance in the energy metabolism of bone.
showed that glucose appears to be an important nutrient for bone tissue. Since these early investigations an impressive body of literature has appeared, centering on studies of glucose utilization by bone and its regulation by insulin (Schmid et al., 1982 (Schmid et al., , 1983 as well as by the calciotropic hormones parathyrin (Cohn & Forscher, 1962; Hahn et al., 1971 Hahn et al., , 1985 Hekkelman et al., 1974; Neuman et al., 1978; Ituarte et al., 1985) and 1,25(OH)2D3 (Brommage & Neuman, 1979) . Although knowledge on this subject has advanced considerably, very little is known on fatty acid metabolism by this tissue. Previously we have shown that bisphosphonates, compounds known to cause severe alteration in skeletal tissue (Fleisch, 1983) , are inhibitory to the glycolytic pathway of bone cells (Fast et al., 1978) and chondrocytes (Guenther et al., 1979) , without appreciably affecting replication of either cell type (Guenther et al., 1979 (Guenther et al., , 1984 . Since glucose metabolism constitutes an important pathway in bone tissue, experiments were designed to examine the possibility that energy derived from fatty acid oxidation may offset the bisphosphonate-mediated loss of energy generated by the glycolytic pathway. Data obtained by that study showed that some bisphosphonates induced, concomitantly with the decrease in glycolysis, a rise in fatty acid oxidation in a mixed bone-cell population (Felix & Fleisch, 1981a; Felix et al., 1986) .
The present study was undertaken to investigate the role that fatty acids may play in the overall energy metabolism of bone tissue. For this, rat calvaria and, since any effect on a specific cell type might be undetected in the whole tissue, rat calvaria cells separated into different bone-cell populations by sequential digestion, were studied. These individual cell populations were also used to investigate which hormones might influence this fatty acid oxidation.
[U-'4C]Palmitate (800 Ci/mol) and [U-'4C] glucose (329 Ci/mol) were obtained from New England Nuclear, Boston, MA, U.S.A. and 5-(biphenyl-4-yl)-2-(4-t-butylphenyl)-1-oxa-3,4-diazole ('butyl-PBD') was from Ciba-Geigy, Basel, Switzerland. All other reagents were of analytical grade and were obtained from Merck, Darmstadt, Germany.
Tissue culture
Calvaria halves were excised from 4-day-old Wistar rats, cut in halves and immediately placed in Tyrode solution until all explants were dissected. They were then incubated in 11 ml glass ampoules (17 mm inner diameter) containing 0.5 or 1 ml of Earle's salt solution, 1 mM-[U-14C]palmitate (0.2 ,uCi/ml) and 0.45 mM (30, w/v) fatty-acid-free bovine serum albumin. A stock solution of 4 mM-palmitate and 1.8 mM-albumin was prepared by the method of Lorch & Gey (1966) .
Cell preparation and cultivation
Different bone cell populations were obtained by sequential digestion of calvaria from 1-day-old Wistar rats by a slight modification of the method of Luben et al. (1976) , as described by Guenther et al. (1984) . In addition, we have continued the digestion for 100 min, yielding three more cell populations. Briefly, 60 calvaria were slowly stirred at room temperature in 10 ml of a solution containing 0.35 mg of hyaluronidase/ml, 0.6 mg of collagenase/ml, 0.35 mg of trypsin/ml, 96 mM-NaCl, 1.9 mM-KCl, 0.33 mM-NaH2PO4 and 80 mM-EDTA. Cells released during seven consecutive digestion periods each of 20 min and one of 60 min were collected by centrifugation for 7 min at 400 g and designated as populations I-VIII. Cells from each population were cultured by plating 285 000 cells, suspended in 10 ml of medium in 75 cm2 plastic flasks (Corning Glass Works, Corning, NY, U.S.A.). The culture medium, MEM with Earle's salts, was supplemented with 100% (v/v) foetalcalf serum, 2 mM-glutamine, 60 ,ug of penicillin/ml, 100 ,ug of streptomycin/ml and 0.25 jug of fungizone/ml, and, from day 2 of culture onwards with 0.28 mMascorbic acid. After cells had reached confluence, usually after 10 days, they were brought into suspension by treating them for II h with 10 ml of a solution containing 10 mg of collagenase, 5 mg of trypsin, 116 mM-NaCl, 5.4 mM-KCl, 5.6 mM-glucose, 26.2 mM-NaHCO3 and 50 ,tg of Phenol Red. The cells were subsequently centrifuged at 400 g for 7 min, and the resulting cell pellet was resuspended at a density of 100000 cells/ml of medium. Then 0.5 ml portions of this suspension were placed into glass ampoules (inner diameter 17 mm) and cultured for 7 days, at which time the cells were confluent.
Cells were counted with a Coulter counter (Fast et al., 1978) .
Addition of hormones
The various hormones were dissolved in the following vehicle solutions: 0.1 mM-insulin and -glucagon in 5 mMHCl containing 0.3 mM-albumin; 3.6 /LM-parathyrin in a solution containing 150 mM-NaCl, 21 (Bally, Sch6nenwerd, Switzerland) . After an incubation period of 5 h at 37°C, 0.2 ml of ethanolamine was injected through the rubber sleeve into a suspended plastic centre well containing a folded filter paper to absorb '4CO2 formed. The reaction was stopped by adding 0.35 ml of 0.33 M-HClO4 into the culture medium. The ampoules were than shaken for 1 h at room temperature, after which the ethanolamine and the filter were transferred to scintillation vials and the radioactivity was determined. The calvaria halves were recovered and their DNA contents, expressed as deoxyribose, determined (Shinoda et al., 1983) .
To measure water-soluble radioactivity, a further 50 ,ul of 9.61 M-HClO4 was added to the ampoules to precipitate the proteins in the medium. The supernatant was neutralized with 2.5 M-KHCO3, and 0.5 ml of the neutralized solution were mixed with 0.5 ml of 3 M-acetate buffer. The non-water-soluble radioactivity was twice extracted with light petroleum (b.p. 40-80°C 
Lactate determination
After protein precipitation and neutralization, the lactate in the medium was determined by using lactate dehydrogenase (Engel & Jones, 1978) . Determination of alkaline phosphatase Alkaline phosphatase activity was determined as previously described (Felix & Fleisch, 1979) .
Parathyrin response of bone-cell populations The response of bone cells to a challenge of 24 nMparathyrin during 10 min at 37°C was carried out as previously reported (Felix & Fleisch, 198 lb). Cyclic AMP production was measured as described by Brown et al. (1971 Sachs (1973) .
RESULTS

Whole calvaria
Influence of 02. Although the oxidation of palmitate was not influenced by varying the 02 partial pressure, this was not the case for lactate production, which decreased when 02 was raised beyond 20% (Table 1) .
Therefore, 95 % 02 was used to supply optimal 02
Influence of palmitate concentration; ATP production. The increase in palmitate concentration in the medium resulted in an increase of the oxidation rate (Table 2) . This rate was not significantly influenced by changing the molar ratio palmitate/albumin from 5 to 2.2. On the 601±35 (7) 620 +28 (4) 642+23 (7) 74.1 +8.5 (7) 43.0+0.8 (4)** 50.9 + 2.9 (7)*** other hand, the production of lactate was not affected by changes of either the palmitate concentration or the palmitate/albumin ratio. The amount of energy supplied by fatty acid oxidation was found to be quite remarkable. At concentrations of 1 mM-palmitate and 5. Water-soluble radioactivity. Radioactive products formed by the oxidation of [U-'4C]palmitate were shown to be not only 14CO2, but also water-soluble radioactivity (about 0.7-1.7 times that of '4CO2). By h.p.l.c., this radioactivity was resolved into two peaks at positions where citrate and lactate were found to be eluted. The presence of citrate was confirmed after treating the alleged citrate peak with citrate lyase and malate dehydrogenase. This peak disappeared, and new products, malate and acetate, were identified. No peaks were found in the position where acetoacetate or hydroxybutyrate would be eluted from the column. Treatment with hydroxybutyrate dehydrogenase to convert either hydroxybutyrate or acetoacetate did not change the elution profile obtained with the column.
Effect of parathyrin. For assessment of the effect in vitro, the hormone was added either for 5 h, during which ['4C]palmitate oxidation was measured, or during 19 h preincubation and a 5 h measurement period. Parathyrin was also administered to the animal in vivo by subcutaneous injection, 12 h before it was killed (Table  3 ). In none of these conditions did parathyrin influence fatty acid oxidation. However, lactate production was increased when the hormone was added during the 5 h measurement period, indicating that the hormone was active under test conditions employed. In the 19 h preincubation experiment, palmitate oxidation was shown to decline, whereas lactate production markedly increased in the controls, but without being influenced by Vol. 248 Table 4 lists the results of measurements of alkaline phosphatase activity found to be associated with the confluent calvarial bone-cell populations. Population V showed the highest alkaline phosphatase activity, and populations IV and VI also had a relatively high amount of alkaline phosphatase. As for the ability to respond to parathyrin, population IV produced the largest amount of cyclic AMP after having been challenged with 20 nM-parathyrin, followed by population V. Metabolism of different bone-cell populations. Table 5 presents data on palmitate oxidation and lactate production obtained by different bone cell populations. In Table  5 (a), data from all experiments performed were pooled, whereby not all populations were tested in each experiment. Cell populations III-VI oxidized palmitate to a lesser degree than did all the other populations, but showed a slight tenden'cy to higher lactate production.
In Table 5 Table 7 . Effect of 1,25(OH),D,, on fatty acid oxidation and lactate production in -diffleafmt clai-elpopulations in vitro
The conditions of cell culture and measurement of palmitate oxidation and Lactate production were the-same as described in (Table 7) . This effect occurred after a preincubation time of at least 24 h with the hormone (Table 8) . Fig. 1 , which presents the dose/ response for 1,25(OH)2D3, shows that the metabolite The cells of population V were cultured and incubated at the same basal conditions as described in Table 5 . 1,25-and 24,25-(OH)2D3 were added 48 h before and during the 16 h of measurement. The results are expressed as means +S.E.M. for five ampoules (hormone present) or eight ampoules (absence of hormone). 0, O, Palmitate oxidation; *, *, lactate production. 0, *, 1,25(OH)2D3; El, *, 24,25(OH)2D3. *P < 0.05, **P < 0.01, significantly different from control (absence of hormone).
acted within the concentration range 1-100 nm. Another vitamin D metabolite, 24,25(OH)2D3 likewise exhibited some activity on fatty acid oxidation, but only at 100 nM.
Insulin at 1.6 /M did not affect palmitate oxidation in population I, but inhibited it in populations V, VII and VIII (Table 9) . A small but not significant inhibition was observed at 16 nM-insulin (results not shown). Table 10 shows that, when the oxidation of fatty acids was increased by raising palmitate concentration in the medium, the ratio treated/control did not change, indicating that the effect of insulin was independent of the palmitate concentration. Preincubation with the hormone for 8, 28 or 52 h did not augment the effect (results not shown). The action of insulin was also tested in the absence of both-glucose and amino acids. Under these conditions, as depicted in Table 11 , fatty acid oxidation was markedly increased in the control. The effect of insulin was, however, no longer statistically Table 9 . Effect of insulin on fatty acid oxidation and lactate production in different calvaria-cell populations in vitro The basal cell culture and incubation were the same as described in Table 5 ; 1.6 /sM-insulin was added 8 h before and during the 16 h of measurement. The absolute values for the control and the comparison treated/control are expressed as means + S.E.M. *P < 0.05, ***P < 0.001, significantly different from 1. 
DISCUSSION
Ever since the early studies by Borle et al. (1960a,b) , glucose has been considered as the major fuel source from which bone and other connective-tissue cells generate their energy. Evidence provided by the present study, however, indicates that, in bone tissue and cells, fatty acids appear to contribute considerably to the energy demand of these cells, namely about 40-800 of the energy estimated to originate from glucose metabolism. Supported by the fact that fatty acid oxidation occurred in the presence of glucose and at a fatty acid concentration of 1 mm, a value which is well within the physiological range of circulating non-esterified fatty acids in plasma of newborn rats (Snell & Walker, 1973; Foster & Bailey, 1976) suggest that fatty acid oxidation plays an important role in the energy metabolism of bone cells.
The [14C]palmitate was shown to become catabolized to similar amounts of "4CO2 and water-soluble radioactive components. With the aid of h.p.l.c., the watersoluble components were resolved and identified as citrate and lactate. Radiolabelled C4 intermediates were therefore converted into lactate. Such a conversion has also been found in cultured fibroblasts (Zielke et al., 1980) . The detection of lactate and citrate is consistent with previous reports, where it was shown that bone tissue as well as bone cells release these two substances into their respective culture medium (Vaes, 1968; Price et al., 1984) .
The question of whether the different bone cells which collectively make up the osteogenic layer of bone (Owen, 1980) catabolize fatty acids in a comparable or differential manner was answered with the different cell populations obtained from calvaria by a modified time-dependent enzy-mic-digestion scheme (Luben et al., 1976; Guenther et al., 1984) , which yielded eight bone-cell populations. On the basis of analytical data such as cyclic AMP production after a challenge by parathyrin, and alkaline phosphatase activity, it was concluded that cell populations IV and V bear characteristics that resemble osteoblast-like cells. Owing to the lack of specific cell markers, it is still rather difficult at the present time to know what each of the remaining cell populations represent, except to state that they are derived from calvarial tissue. The early populations (I and II) probably contain mainly fibroblast-like cells (Nijweide et al., 1981) . Previously, it was demonstrated that treatment of growing rats with dichloromethylenebisphosphonate caused a marked decrease in the osteoprogenitor cell pool (Miller & Jee, 1977) . Later it was shown that exposure of various bone-cell populations to this particular compound resulted in a drastic growth inhibition of cell populations I and II. These observations, along with the discovery that these bisphosphonates induced populations I and II to become alkaline phosphatase-positive (Guenther et al., 1984) Foster, 1980) , is not known. n 6666 .= oooIt has been known for some time that parathyrin : C.) = +l+l+l+l increases the consumption of glucose by bone tissue (A <,, < < : @ O666 (Borle et al., 1960a,b; Cohn & Forscher, 1962; Hekkelman et al., 1974; Neuman et al., 1978 (Chen et al., 1983) , and it is well documented that this i 0 E 0°<,, vitamin D metabolite exerts profound effects on alkaline phosphatase, collagen synthesis and citrate decarboxylase in these cells (Wong et al., 1977 10 nM (Chen et al., 1986) . After 2 days' incubation with -_ e the hormone, the effect increased to 40% at 10 nm, and 0o some inhibition could be observed at 0.1 nm. Comparing F Cdm 0 ¢,,ffi;,;the action of 1,25(OH)2D3 on fatty acid oxidation with that on collagen synthesis, a similar dose/response and time course are observed. Whether the effect on fatty acid oxidation is direct or indirect cannot be answered at present. However, the possibility of fatty acid oxidation being interrelated with the action of the metabolite on collagen synthesis is highly unlikely, since the observed inhibition of the latter would result in a smaller demand for energy. This in turn would probably lead to a lower fatty acid oxidation, a situation opposite to what we observed. 24,25(OH)2D3 was 100 times less active than 1,25(OH)2D3, which has also been observed previously (Stern et al., 1975) .
In conclusion, this study has demonstrated that palmitate may be regarded, at least in tissue and cell culture, as an important substrate for bone tissue and bone cells to satisfy their energy requirement. Insulin, the hormone known to influence energy metabolism in many tissues, but not glucagon, was shown to act on bone. With respect to the hormones which are known to regulate calcium metabolism, only 1,25(OH)2D3, and at high concentration 24,25(OH)2D3, but not parathyrin or calcitonin, acted on fatty acid oxidation. Further studies are needed to show whether the data are also valid in vivo.
